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APPENDIX 1

HSPF MODEL SUBWATERSHED
LAND USE


athuman
Pen


Murderkill River Watershed HSPF Subwatershed Land Use (Areas in acres)

Agricultural CAFO Forest Open Water | Pasture or Residential Streets or | Transitional Urban Wetlands Total
Rangeland Parking

Reach PERLND PERLND PERLND PERLND PERLND IMPLND PERLND Total IMPLND PERLND IMPLND PERLND Total PERLND IMPLND PERLND Total
RCHRES 2 2628 0 701 13 7 635 635 1270 24 116 17 17 34 457 676 4574 5250
RCHRES 3 260 0 40 8 5 27 27 54 0 0 0 0 0 25 27 365 392
RCHRES 4 1882 16 216 7 26 552 552 1104 27 44 51 51 102 782 630 3576 4206
RCHRES 5 833 0 130 40 0 122 122 244 0 2 13 13 26 54 135 1194 1329
RCHRES 6 201 0 77 13 0 27 27 54 0 0 0 0 0 24 27 342 369
RCHRES 7 1829 21 259 3 27 203 203 406 23 21 30 30 60 138 256 2531 2787
RCHRES 8 521 0 71 21 13 121 121 242 0 0 0 0 0 28 121 775 896
RCHRES 8 521 0 7 21 13 121 121 242 0 0 0 0 0 28 121 775 896
RCHRES 9 118 0 89 12 0 26 26 52 0 0 0 0 0 11 26 256 282
RCHRES 10 264 0 196 19 0 7 7 14 0 0 0 0 0 41 7 527 534
RCHRES 11 952 0 264 42 0 31 31 62 16 0 11 11 22 211 58 1511 1569
RCHRES 12 1623 21 341 4 39 254 254 508 13 32 26 26 52 595 293 2935 3228
RCHRES 13 3267 12 786 19 22 143 143 286 22 12 6 6 12 995 171 5262 5433
RCHRES 14 1120 19 219 2 27 26 26 52 14 0 29 29 58 159 69 1601 1670
RCHRES 15 225 2 214 74 3 89 89 178 0 0 0 0 0 51 89 658 747
RCHRES 16 1283 19 345 22 2 58 58 116 14 0 22 22 44 120 94 1871 1965
RCHRES 17 501 0 44 38 0 31 31 62 0 0 0 0 0 9 31 623 654
RCHRES 18 852 0 113 94 0 53 53 106 2 0 0 0 0 105 55 1217 1272
RCHRES 19 1442 25 422 13 14 150 150 300 0 39 1 1 2 98 151 2204 2355
RCHRES 20 1175 0 274 4 6 196 196 392 4 0 68 68 136 166 268 1889 2157
RCHRES 21 783 0 292 19 16 337 337 674 32 14 145 145 290 543 514 2149 2663
RCHRES 22 1 0 2 0 0 0 0 0 0 0 1 1 2 3 1 7 8
RCHRES 23 1607 5 389 35 0 229 229 458 15 116 56 56 112 224 300 2661 2961
RCHRES 24 625 11 141 39 74 67 67 134 0 157 0 0 0 114 67 1228 1295
RCHRES 25 211 0 33 43 0 22 22 44 0 0 0 0 0 6 22 315 337
RCHRES 26 1265 9 267 72 182 104 104 208 0 0 0 0 0 158 104 2057 2161
RCHRES 27 3405 10 434 69 16 152 152 304 10 14 23 23 46 562 185 4685 4870
RCHRES 28 2871 13 504 116 25 95 95 190 57 33 38 38 76 1289 190 4984 5174

TOTAL 31744 183 6863 841 504 7514 273 600 1074 6968 56564
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HSPF MODEL
CALIBRATION/VALIDATION
FIGURES
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Water E(Aywuallt Data at Station 206071, Andrews Lake at Rd. 380 Brdg.

Q/ptemp4i gdp (sedascale6p_daily.sh)
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Water E(Aywuallt Data at Station 206451, Coursey Pond at Canterbury Rd. (Rt. 15) at Rd. 388 Bridge

Q/ptemp4i gdp (sedascale6p_daily.sh)

DATE: 1/08/2013 TIME: 13:36: 8
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Water E(Aywuallt Data at Station 206011, Murderkill River at Confluence of Black Swamp Creek

Q/ptemp4i gdp (sedascale6p_daily.sh)

DATE: 1/08/2013 TIME: 13:36:15
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Run046 - RUN046 with Septics (25% Failure)
ater Quality Data at Station 206051, Browns Branch at Killens Pond Rd. (Rd. 384)

lwh|teS/kcdw0014/LANDSIDI%QIpIemp4 gdp (sedascale6p_daily.sh)
DATE: 1/08/2013 TIME: 13:36:28
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ater Quality Data at Station 206041, Browns Branch at Milford-Harrington Hwy. (Rt 14)
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Data at Station 206561, Double Run at Barratts Chapel Rd. (Rd. 371)
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Data at Station 206461, McGinnis Pond at McGinnis Pond Rd. (Rd. 378)
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Data at Station 206641, Spring Creek, Pratt Branch at Canterbury Rd.
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PREFACE

The development of ECOMSED has its origins in the mid 1980’s with the creation of
the Princeton Ocean Model (Blumberg and Mellor, 1987) and its version for shallow
water environments — rivers, bays, estuaries and the coastal ocean and reservoirs and
lakes- named ECOM (Blumberg, 1996). In the mid 1990s, concepts for cohesive
sediment resuspension, settling and consolidation (Lick, et al., 1984) were incorporated
within the ECOM modeling framework. During the last several years, ECOMSED was
enhanced to include generalized open boundary conditions, tracers, better bottom shear
stresses through a submodel for bottom boundary layer physics, surface wave models,
noncohesive sediment transport, and dissolved and sediment-bound tracer capabilities.
The code has been reconfigured to be easily ported to almost any computer system,
from PCs to workstations to super mainframes. Model performance has been evaluated
by appealing to a large series of simple test cases designed to isolate specific processes
and by application of the model to many real-world situations. There have been over
350 journal articles written that are based on the use of the various ECOMSED
submodels. While there is a real confidence that ECOMSED is “bug free”, it remains
the user’s responsibility to check and recheck their own results via their own test cases
and their own comparisons with data.

The ECOMSED system has proven over the years to be quite robust and reliable. A
user’s guide on the other hand has been elusive. The material presented herein is
directed towards the goal of a detailed, well documented manual that hopefully will
allow enable an educated user to address real world environmental problems using
sophisticated technology with the labor of learning all the details of the model’s
composition.

Today’s version of ECOMSED and this manual have been made possible by the
dedicated efforts of Parmeshwar L. Shrestha, B. Nicholas Kim, Quamrul Ahsan and
Honghai Li. They have helped conceive, design and implement the model
enhancements and worked diligently to debug their (and my) changes. The manual owes
its form and content to them. Important contributions to various aspects of
ECOMSED have also been made at one time or another by Boris Galperin, H. James
Herring, Eugenio Gomez-Reyes, C. Kirk Zeigler, and Richard P. Signell. Finally, the
seminal contributions of George L. Mellor must be acknowledged. It was he who first
managed to secure funding which made the Princeton Ocean Model a reality.

HydroQual, Inc.

Vi
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1.0 Introduction

This primer describes the use of a fully integrated three-dimensional hydrodynamic,
wave and sediment transport model, ECOMSED. The model is designed to simulate
with as much realism as possible time-dependent distributions of water levels, currents,
temperature, salinity, tracers, cohesive and noncohesive sediments and waves in marine
and freshwater systems. The three ECOMSED sub-models are designed to work in
conjunction with one another, with output from one serving as input to another. The
same orthogonal curvilinear computational grid structure and underlying numerical
solution techniques are utilized for all sub-models. The wave sub-model embedded in
ECOMSED utilizes wave parameters to accurately compute the wave-induced bottom
friction necessary for calculation of bed shear stresses at the sediment-water interface.
ECOMSED uses an orthogonal curvilinear coordinate system, greatly increasing model
efficiency in treating irregularly shaped coastlines and in meeting requirements for high
resolution at desired locations.

The ECOMSED model is capable of simulating the transport and fate of suspended
sediments, dissolved tracers and neutrally-buoyant particles in estuarine and coastal
ocean systems. A wide variety of problems concerning water optics and spill tracking
can be studied using the model due to the various options built into ECOMSED.
Capabilities of the model include: (1) runtime computed (internal) or precomputed
(external) hydrodynamics; (2) cohesive and non-cohesive sediment transport; (3)
sediment-bound tracer transport (conservative or first-order decay); (4) dissolved tracer
transport (conservative or first-order decay); (5) neutrally-buoyant particle tracking; and
(6) inclusion of wind wave effects on hydrodynamics and sediment transport.
Descriptions of ECOMSED options and capabilities are provided in the following
section.

The development of ECOMSED is an ongoing topic of research. The user of this
version (1.2) can expect modifications, some of which will be “fixes” to the code and
others which will be enhancements to the present water physics and sediment
dynamics. Many changes in this primer are planned and some already implemented.
Please direct any suggestions and critical comments to  ecomzsed-suppork@hydroqual.com.
Allideas are welcome and many may find themselves in the next version of this primer.
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2.0 ECOMSED Model Features

The ECOMSED is a state-of-the-art hydrodynamic and sediment transport model
which realistically computes water circulation, temperature, salinity, and mixing and
transport, deposition and resuspension of cohesive and non-cohesive sediments. The
complete ECOMSED model consists of several modules. These are hydrodynamic
module, sediment transport module, wind induced wave module, heat flux module and
particle tracking module. Figure 2.1 illustrates the ECOMSED modeling framework.
The ECOMSED is also coupled with HydroQual’s state-of-the-art water quality model,
RCA by a sophisticated and efficient interface. The modules within the ECOMSED
modeling framework are linked internally. These modules can be turned on and off by
the users depending upon their needs. The ECOMSED modeling framework also
allows for linking each module externally. For example, the hydrodynamic module can
be run stand alone and transport information can be saved in a separate file. Then the
sediment module can be run stand alone using the previously saved transport
information, and so is the water quality module, RCA. The following section describes
the various features of ECOMSED in detail.

2.1 Internal/External Hydrodynamics

Hydrodynamic simulations are required to provide advection and dispersion
information for the water-borne constituent transport algorithms. ECOMSED can use
either internal or external hydrodynamic information. When the internal hydrodynamic
option is chosen, the ECOM hydrodynamic model, which is built into ECOMSED,
runs in parallel with the sediment and tracer transport algorithms. The external
hydrodynamic option of ECOMSED allows the model to use previously-generated
hydrodynamic information that has been stored in computer files. Simulation of
sediment and tracer transport is accomplished by reading hydrodynamic information
from the previously-generated computer files. This method has the advantage of
reduced computational times when compared to the internal hydrodynamic option.
However, care must be taken when using the external option because the previously-
generated transport files required to study a particular aquatic system may be too large
to handle. In other words, computer storage requirements could limit the temporal
length of simulations to the point that the external option cannot be used effectively
for a specific problem.

2.2 Sediment Transport

The transport and fate of cohesive and non-cohesive sediments can be simulated with
ECOMSED. Resuspension, deposition and transport of cohesive sediments, which are
composed of clays, silts and organic material, are simulated using the SED module.
The suspended transport of non-cohesive sediments, i.e., fine sands, is calculated using
the van Rijn procedure (van Rijn, 1984). The effects of bed armoring due to particle-
size heterogeneity can also be included in non-cohesive sediment transport simulations.
See Section 6 for a more detailed description of the sediment dynamics included in the
cohesive and non-cohesive sediment modules. The sediment transport module can
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predict temporal and spatial distributions of: (1) suspended sediment concentrations
(cohesive and non-cohesive); (2) sediment bed elevation changes; (3) fluxes at the
sediment-water interface; and (4) changes in sediment bed composition. The module
can accept as input: spatially-variable sediment bed properties and time-variable
sediment loading at river discharges and open boundaries.

2.3 Sediment-bound Tracer Transport

The fate of sediments from a particular source, e.g., river discharge or specific sediment
bed location, can be determined using ECOMSED. This type of simulation is
accomplished by using a sediment-bound tracer, which is analogous to a hydrophobic
contaminant, e.g., organic chemical, heavy metal or radionuclide, that adsorbs to fine-
grained sediment particles. However, in these simulations the tracer is permanently
adsorbed to the sediment particles; actual hydrophobic contaminants are partially
soluble and exist in both particulate and dissolved form, with a high percentage of the
contaminant being adsorbed to sediment particles.

The transport and fate of sediment-bound tracers can be simulated for both cohesive
and non-cohesive sediments. In addition, the tracer can be conservative or be assigned
a first-order decay rate, which would approximate a sediment-bound radionuclide. Of
particular importance is the use of a sediment bed model that makes it possible to
simulate changes in tracer bed concentrations due to deposition and erosion; temporal
and spatial (horizontal and vertical) variations in tracer bed concentrations can be
predicted. The bed model can also simulate the effects of bioturbation on tracer mixing
in the surficial layer of the bed.

2.4 Dissolved Tracer Transport/Pathogen Fate Model

Simulation of the transport of a dissolved tracer and pathogen can be accomplished
using ECOMSED, with the tracer being either conservative or having a first-order
decay rate depending on the water column temperature, salinity and insolation rates.
This type of calculation can be useful for determining the fate of a water-borne
contaminant released from a particular location, e.g., river discharge, offshore diffuser
or open boundary. Temporally varying tracer concentrations can be specified for all
three types of boundary conditions.

2.5 Particle Tracking

This option allows the tracking of discrete particles that can be released into the aquatic
system at various locations. These particles are neutrally-buoyant and conservative. A
Lagrangian technique is used to advect the particles and a random-walk procedure is
employed to simulate the effects of turbulent diffusion. A complete description of the
theory and numerical methods used in the particle tracking module can be found in

Zhang (1995).

The particle tracking module can be useful for the simulation of oil spills or studying
the trajectories of floating objects. Particles can be released from multiple locations at
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variable rates. In addition, each released particle has associated with the time and
location of its release, which has been helpful information in previous analyses.

2.6 Wind Waves

Resuspension of sediments due to wind-generated waves is an important source of
sediment to the water column in many coastal ocean systems. The effects of wind
waves on bottom shear stress, which controls sediment resuspension, can be accounted
for by ECOMSED. Temporally and spatially variable wind wave parameters, i.e., mean
period, significant wave height and direction, can be calculated using an external wave
model (e.g., WAM or HISWA), stored in a computer file and then input to
ECOMSED. If wind wave information from an external model is unavailable, an
internal wave sub-model, which is based upon shallow water SMB theory (USCOE,
1984), can be used to calculate wave parameters. The internal wave sub-model utilizes
empirical formulations which provide approximate estimates of significant wave height
and period; this module does not account for spatially-varying wind fields, refraction
or wave breaking effects.

Once the wave parameters are specified, the Grant-Madsen wave-current model (Grant
and Madsen, 1979) is used to calculate bottom shear stresses due to the interaction of
waves and currents. A modified version of the Grant-Madsen model which was
developed by Scott Glenn (Glenn and Grant, 1987) is incorporated into this version of
ECOMSED. If the internal hydrodynamic option is used, the effect of the wave-
current interaction on the bottom roughness coefficient can be calculated by the Grant-
Madsen model and then included in the hydrodynamic simulation.
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3.0 Hydrodynamic Module
3.1 Introduction

This section of the user manual provides a relatively detailed description of a numerical
circulation module. The module belongs to that class of models where model realism
is an important goal and addresses mesoscale phenomena, that is activity characterized
by 1-100 km length and tidal-30 day time scales commonly observed in estuaries and
the coastal ocean [Beardsley and Boicourt, 1981]. The module is a three-dimensional
coastal ocean model, incorporating a turbulence closure model to provide a realistic
parameterization of the vertical mixing processes. The prognostic variables are the
three components of velocity, temperature, salinity, turbulence kinetic energy, and
turbulence macroscale. The momentum equations are nonlinear and incorporate a
variable Coriolis parameter. Prognostic equations governing the thermodynamic
quantities, temperature, and salinity account for water mass variations brought about
by highly time-dependent coastal upwelling/downwelling processes as well as
horizontal advective processes. Free surface elevation is also calculated prognostically,
with only some sacrifice in computational time so that tides and storm surge events can
also be simulated. This is accomplished by use of a mode splitting technique whereby
the volume transport and vertical velocity shear are solved separately. Other computing
variables include density, vertical eddy viscosity, and vertical eddy diffusivity. The
module also accommodates realistic coastline geometry and bottom topography.

The hydrodynamic module, ECOM described here is a three-dimensional, time-
dependent model developed by Blumberg and Mellor (1980, 1987). This module of
ECOMSED, has a long history of successful applications to oceanic, coastal and
estuarine waters. Some recent applications of the module include Chesapeake Bay
(Blumberg and Goodrich, 1990), New York Bight (Blumberg and Galperin, 1990),
Delaware Bay and Delaware River (Galperin and Mellor, 1990a, b), the Gulf Stream
Region (Ezer and Mellor, 1992), Massachusetts Bay (Blumberg et al., 1993), Georges
Bank (Chen et al., 1995), the Oregon Continental Shelf (Allen et al., 1995), and more
recently in New York Bight and New York Harbor (Blumberg et al., 1999) and in
Onondaga Lake (Ahsan and Blumburg, 1999). In all of these studies, the predictive
capabilities of the module were assessed via extensive comparisons with data and a
confidence has been established that the predominant physics is realistically reproduced
by the module. A detailed description of the module can be found in the above
referenced works.
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3.2 The Governing Equations
3.2.1 Dynamic and Thermodynamic Equations

The equations which form the basis of the circulation model describe the velocity and
surface elevation fields, and the temperature and salinity fields. Two simplifying
approximations are used [Bryan, 1969]; first, it is assumed that the weight of the fluid
identically balances the pressure (hydrostatic assumption), and second, density
differences are neglected unless the differences are multiplied by gravity (Boussinesq
approximation).

Consider a system of orthogonal Cartesian coordinates with x increasing eastward, y
increasing northward, and z increasing vertically upwards. The free surface is located
at z = N(x,y,t) and the bottom is at z = -H(x,y). If V is the hotizontal velocity vector
with components (U,V) and V the horizontal gradient operator, the continuity equation
is:

- OdW
VV+—=0 3-1
5 (-1

The Reynolds momentum equations are

W, yvuswl vl a—P+i(KMa—Uj+FX (3-2)
ot oz p, 0x 0z 0z
NvovvewY fu=-L a—P+i(KMa—Vj+FY (3-3)
ot 0z p, dy 0z 0z

pg_ aZ ( - )

with p  the reference density, p the in situ density, g the gravitational acceleration, P

the pressure, K, the vertical eddy diffusivity of turbulent momentum mixing. A
latitudinal variation of the Coriolis parameter, f, is introduced by use of the [} plane
approximation.

The pressure at depth z can be obtained by integrating the vertical component of the
equation of motion, (3), from z to the free surface 1, and is

0
P(x,y,z,t)=P, +gp N+ gL p(x,y,z",t)dz’ (3-5)
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Henceforth, the atmospheric pressure, P, is assumed constant.

The conservation equations for temperature and salinity may be written as

a—e+\7.Ve+W@=i{KHa—e}rFe (3-6)
ot Jz 0z 0z
S - S 9 3s
Pivvs+ w22k, 2 4F 3.7
a TS, az{ Haz}“ S

where 0 is the potential temperature (or in situ temperature for shallow water
applications) and S is the salinity. The vertical eddy diffusivity for turbulent mixing of
heat and salt is denoted as K. Using the temperature and salinity, the density is
computed according to an equation of state of the form

p=p(6.S)

(3-8)

given by Fofonoff [1962]. The potential density is P, that is, the density evaluated as
a function of potential temperature and salinity but at atmospheric pressure; it provides
accurate density information to calculate horizontal baroclinic gradients which enter in
the pressure gradient terms and the vertical stability of the water column which enters
into the turbulence closure module even in deep water when pressure effects become

important.

All of the motions induced by small-scale processes not directly resolved by the model
grid (subgrid scale) is parameterized in terms of horizontal mixing processes. The terms
F,, F,, Fg and F found in (3-2), (3-3), (3-6) and (3-7) represent these unresolved
processes and in analogy to molecular diffusion can be written as

F :i[ZA
xT 0x M
F, =0%{2AM
and
J
F(-),s:£|:AH

GU}
0x

QV}
—_ +_
dy

oJx

d(0,S)
dx

"oy

J

[AM
A

d

4]
Jy |

w, y

dy ©ox (5-%9)

&—U+0—?—V 3-9b

7y ' ox (5-9b)

A, a(e,S)} (3-10)
dy

One should note that F, and F, are invariant to coordinate rotation. While these
horizontal diffusive terms are meant to parameterize subgrid scale processes, in practice
the horizontal diffusivities, Ay and Ay, are usually required to damp small-scale
computational noise. The forms for A, and Ay, are given in Sectin 8.1.2.
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3.2.2 Turbulence Closure

The governing equations contain parameterized Reynolds stress and flux terms which
account for the turbulent diffusion of momentum, heat, and salt. The parameterization
of turbulence in the module described here is based on the work of Mellor and Yamada
[1974].

The vertical mixing coefficients, Ky; and Ky, in (3-2), (3-3), (3-6) and (3-7) are obtained
by appealing to a second order turbulence closure scheme [Mellor and Yamada, 1982]
which charactetizes the turbulence by equations for the turbulence kinetic energy, */2,
and a turbulence macroscale, {, according to,

99> o o E_i( E}
o TV VW KT,

311
o[04 (29 T2y 20 ”
M\ oz dz p, "dz By ¢
and
d(q*/ dq*s
(q )+\7-V(q2€)+w (q )
ot oz
S Kugy @ (5 (5
_8Z[Kq az(q f)}%EIKM{ oz N 0z (3-12)
(B

where V is the horizontal gradient operator and a wall proximity function is defined as

f 2
W=1+E, (—) (3-13)
kL
and where
L) '=m-2"+(H+z)" (3-14)

Near surfaces it may be shown that both (/K and L are equal to the distance from the
surface (K = 0.4 is the von Karman constant) so that W=1+E, . Far from the

surfaces where ¢ << L,W=1. The length scale provided by (3-12) is a characteristic
length of the turbulent motion at any point in space or time. An alternative to (3-12)
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is to use a transport equation for the dissipation rate [Hanjalic and Launder, 1972]. The
former approach according to Mellor and Yamada [1982] is more consistent since it
uses an equation which describes large-scale turbulence to determine the turbulent
macroscale. The terms F, and Fyin (3-11) and (3-12) are the hotizontal mixing and are
parameterized analogously to temperature and salinity by using (3-9).

While details of the closure module are rather involved, it is possible to reduce the
prescription of the mixing coefficients Ky, Ky;, and K, to the following expressions,

K., = (qS,, (3-15)
K, =19Sy (3-15b)
Kq Eﬁqsq (3-15¢)

The stability functions, Sy, Sy, and S, are analytically derived, algebraic relations
functionally dependent upon dU/0z, dV/0z, gpo_l dp/0dz, q and (. These

relations derive from closure hypotheses described by Mellor [1973] and summarized
by Mellor and Yamada [1982]. Following Galperin et al. [1988] the stability functions

are:
-1/3 6Al
B, -3A,A,Gy|(B, - 3A,) 1—B— —3C, (B, +6A,)
1
Sy = 3-16
M [1-3A,G 4 (6A, + B, )| (1- 9A,A,Gy) (3-16)
A, | 6A,
= B, (3-17)
"7 1-3A,G, (6A, +B,)
Sq=0.41*S, (3-18)
and
NeY
Gyn=n- n[—} (3-192)
q

10
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where

g 8p 1/2
_|_99p 3-19b
N ( Lo Byj ( )

is the Brunt-Vaisala frequency. The empirical constants given in Mellor and Yamada

(1982) are: (A1, A2, B1, B2, C1, E1, E2) = (0.92, 0.74, 16.6, 10.1, 0.08, 1.8, 1.33),
respectively.

3.2.3Boundary Conditions

The boundary conditions at the free surface, z = N(x,y), are

oU oV
Po Km (Egj =(Tox ’Toy) (3-20a)
00 dS o
= 22 |= 3-20b
Po KH(@Z ’ azj (H ’ S) ( )
q® =B, u,’ (3-20¢)
q*/=0 (3-20d)
on on  aJn
W=U—+V—+— 3-20
ax  dy ot 3-20¢)

where (T,,, T,)is the surface wind stress vector with the friction velocity, ue, , the
magnitude of the vector. Itis doubtful that the mixing length goes to zero at a surface
containing wind induced waves as suggested by (3-20d). The error is incurred in the
near surface layers of thickness of order of the wave height. This is an area where

further improvement is necessary. The quantity B,>" is an empirical constant (6.51)

arising from the turbulence closure relations. The net ocean heat flux is H and
here S=S(0)[E—P]/p, where(E-P) is the net evaporation-precipitation fresh water
surface mass flux rate and S(0) is the surface salinity. On the side walls and bottom of

the basin, the normal gradients of 0 and S are zero so that there are no advective and
diffusive heat and salt fluxes across these boundaries. At the lower boundary (b),

oUu oV
o k(5 5~ (rw) 6219

11
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q’> =B, u,’ (3-21b)
2, _
q’r=0 (3-21c)
w,=-u, A _y 9H (3-21d)
ox Jdy

where H(x,y) is the bottom topography and u,, is the friction velocity associated with

the bottom frictional stress (rbx ,rby) . The bottom stress is determined by matching

velocities with the logarithmic law of the wall. Specifically,
z,=p,C IV, IV, (3-22)

With value of the drag coefficient C, given by
1 )
Cp= Lln(H +z,)/ zo} (3-23a)

where z,and V, are the grid pointand corresponding velocity in the grid point nearest

the bottom and K is the von Karman constant. The final result of (3-22) and (3-23) in
conjunction with the turbulent closure derived K, is that the calculations will yield

V=(%, /pru,, )In (22

) (3-23b)

z

o

in the lower boundary region if enough resolution is provided. In those instances
where the bottom boundary layer is not well resolved, it is more appropriate to specify
Cp =0.0025. The actual algorithm is to set C, to the larger of the two values given by
(3-23a) and 0.0025. The parameter z, depends on the local bottom roughness; in the

absence of specific information z, = 1 cm is used as suggested by Weatherly and Martin
[1978].

3.2.4 Open Lateral Boundary Condition

3.2.4.1Temperature and Salinity

Open lateral boundary conditions are problematic since one must parameterize the
environment exterior to the relevant domain. Two types of open boundaries exist,

inflow and outflow. Temperature and salinity are prescribed from data at an inflowing
boundary, whereas at outflow boundaries,

12
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) J
— — - 323
at(F),S)Jr U“an 0,5)=0 (3-23¢)

is solved where the subscript n is the coordinate normal to the boundary. Turbulence
kinetic energy and the macroscale quantity (q°() are calculated with sufficient accuracy
at the boundaries by neglecting the advection in compatison with other terms in their
respective equations.

The open lateral velocity boundary conditions in some of the applications are computed
by using the available hydrographic data in conjunction with a simplified diagnostic
model. This type of model uses only geostrophic plus Ekman dynamics and therefore
solves a simplified form of the full equations of motion. It does not require a velocity
at a reference level but only along a single transect crossing f/H contours. A detailed
description of this module can be found in the work by Kantha et al. [1982]. While the
normal component of velocity is specified, a free slip condition is used for the
tangential component.

3.24.2 Water Level Boundary Condition

In developing the ocean circulation module, open boundary conditions that allow long-
wave energy (e.g., tides) to enter the open boundaries as well as a means of radiating out
longwave energy that impacts the open boundary from the interior of the model
domain must be provided. There are a number of radiation boundary conditions that
can be utilized to achieve these goals. ECOMSED modeling framework adopts several
types of boundary conditions that are discussed below.

3.24.2.1  Clamped Boundary Condition

In this type of boundary condition the module uses water level along the boundary
grids assigned by the users either from observed data or tidal harmonics. However, this
kind of boundary condition is considered rigid and does not allow long wave energy
(tides or storm surges) to enter or radiate out of the model domain. For a smaller
model domain where wind induced long wave is important to pass through the model
boundary, the clamped boundary condition could be problematic.

3.24.2.2 Inverted Reid and Bodine Boundary Condition

For longwave to radiate through the boundaries, ECOMSED model utilizes an open
boundary condition developed by Reid and Bodine (1968). This condition has the form
of

n = no + )"t U, [g / D]i‘/z (3—243')
where 1) is the sea level at the open boundary, 1, is the known (assigned) tidal and

perhaps low frequency sea level variation at the grid cell, u, is the model-predicted
velocity perpendicular to the open boundary, ¢ is the acceleration due to gravity, and

13
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D is the depth of the grid cell. (The LaGrange multiplier A, = 1 is calculated each time
step to allow modification of the sea level due to longwave radiation.) For Inverted
Reid and Bodine type of boundary condition, A. = 1. Please note for A, = 0 the
formulation provided by Equation (3-24a) gives rise to a condition which is strictly
clamped.

3.24.23 Optimized Clamped Boundary Condition

The optimized clamped bounary condition can be defined by Equation (3-24a). Here
the LaGrange multiplier is computed with time based on solving optimization problems
that minimize the difference between the model computed values and the “reference”
boundary values under certain integral constraints on the open boundary. These
constraints represent the energy, momentum, and mass fluxes through the open
boundary. Detailed discussion on the optimized boundary conditions can be found in
Shulman (1995) and Shulman and Lewis (1994).

3.3 Vertical Coordinate Representation

It has often been noted that the ordinary x,y,z coordinate system has certain
disadvantages in the vicinity of large bathymetric irregularities. It is desirable to
introduce a new set of independent variables that transforms both the surface and the
bottom into coordinate surfaces [Phillips, 1957] called O-coordinate system which is
illustrated in Figure 3-1. The governing external and internal mode equations are
transformed from (x,y,z,t) to (x*,y%,0,t*) coordinates, where

z-M

*
I
—

X ¥=x y*:y 0= (3-25)

“H+q

Now let D = H + 1 and apply the chain rule; the following relationships linking
derivatives in the old system to those in the new system are obtained:

96 _ G _B_G(g oD 1 8*1) (3260
Jdx 0Jx* do \Dodx* Dodx*

B_GZB_G_B_G(E o 1 aﬂj (3-26)
dy dy* do\Ddy* Ddy*

3G 1 3G

9z D do (3-26¢)
% _0G_26(e D 1) .
ot Jt* do\Dot* D dt*

14
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where G is an arbitrary field available, and O ranges from 0 =0atz =T to 0 = -1 at
z = -H. A new vertical velocity can now be defined

B dD dn dD dn dD dn
(L)=Wn—UGax*+ax*—VGay*+ay*—(cm % (3—27)
which transforms the boundary conditions, (3-20¢) and (3-21d), into
o(x*,y*,0,t*¥)=0 (3-28a)
o(x*,y*,-1,t*)=0 (3-28b)

Also, any vertically integrated quantity, G, for example, now appears as
0
G=[Gdo (3-29)
-1

Equations (3-1), (3-2), (3-3), (3-6), (3-7), (3-11) and (3-12) may now be written as (all
asterisks will be dropped for notational convenience)

9N _9UD _aVD  do _

+ + +—=
ot  dx dy do

0 (3-30)

15



The sigma coordinate system.

FIGURE 3-1
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JUD  dU’D 9dUVD  dUO® _ .. + D omn
ot d x dy o0 d x
K 2
L0 (Ky ) gD 0 p
do\ D do) p, ox7e (3.31)
+Q8—DJ.OO' aid0'+ DF,
p, 0x 7  do
2
0 VD +8UVD +8V D+8Vw+fUD+gD87n
at dx dy eIy} dy
2
(K D0 g
do\ D do) p, dy°° (3-32)
+£ a—DJOO' aid0'+ DE,
p, dy < do
d®D dO6UD d0VD 00w _ 9 &a_(a}DF
t ax dy 9o 9o | D do ° (3-33)
oSD 9dSUD 9SVD 9dSw 9 [KH sj
+ + + =— | =—— |[+DFs

aqujLaquD+8Vq2D+800q2 ad K,0q°
ot d X dy 00 00

2 2 3
. 2K (8U)+(8Vj +2gKHB_p_2Dq +DF,
D oo 00 £, oo B¢
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2 2 2 2 2
2qu+aUqu+quw+awq _9 quverDaqf
ot 0 X oy oo do oo
auY (avY]| qE° . o Dq’ 30
+ g Ko ( j +( j + 45 g 2P L 29 4 DF
D Jdo Jdo o, Jo B,

The horizontal viscosity and diffusion terms are defined according to:

A

oDt 0 R
F = .+ — (D7
LN
oD% ]
F = » + — D%
y ay X ( xy)
with
%xx = 2AM [g:l
N N oU LAY
Ty T Tn =AM|:¥ W}
. oV
oo 2AM [W}
Also,
F — aDé\lx aDéiy
% d X dy
o 00.
= A |
qx H |: ax jl

(3-37)

(3-38)

(3-39)

(3-40)

(3-41)

(3-42)

(3-43)

(3-44)

18
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where 0, now represents 0,s, q* and (.

Mellor and Blumberg [1985] have shown that the conventional model for horizontal
diffusion is incorrect when bottom topographical slopes are large. Horizontal mixing
coefficient A, and Ay for both momentum and heat/salinity are parameterized
suggested by Smagorinsky (963) as described in Section 3.5.2.

3.4 Mode Splitting Technique

The equations governing the dynamics of coastal, estuarine and lake circulation contain
propagation of fast moving external gravity waves and slow moving internal gravity
waves. It is desirable in terms of computer economy to separate out vertically
integrated equations (external mode) from the vertical structure equations (internal
mode). This technique, known as mode splitting [see Simons, 1974; Madala and
Piacsek, 1977] permits the calculation of the free surface elevation with little sacrifice
in computational time by solving the volume transport separately from the vertical
velocity shear.

The volume transport, external mode equations are obtained by integrating the internal
mode equations over the depth, thereby eliminating all vertical structure. By integrating
(3-30) from 0 = -1 to 0 = 0 and using the boundary conditions (3-28a,b) an equation
for the surface elevation can be written as

i _3UD_avD_ s
ot ox T ay 5-4)

and the momentum equations become upon vertical integration

oUD 0U’D 9UVD

— i) —
-fVD+ gD—n— DFE =- wu(0)

it ax | oy ax
12 R4 2 o o
- 22U DUV gD j | pdodo (3-46)
0x dy o 0x°
gD D¢ ¢ ,dp
Po ™ Il J;G dc'do
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aVD+aU_VD+a\_/2D+fUD+ Da—n DE = - wv(0
o T ox T ay gb3y - DE=-wv(0)
— IDU'V' 9DV? gD? 9 § ¢
~1)- - e = ' 347
+wv(-1) X 3y 0. ayL { pdo'do (3-47)

DIDFE B
+p0 aYZ[ll[G 80'd6 do

where the pressure has been obtained from (3-5) and the vertically integrated velocities
are defined as

(U,V)=] (U, V)do (3-48)

-1

The wind stress components are - wu(0), and - wv(0), and the bottom stress
components are — wu(- 1) and - wv(-1). The terms in (3-46) and (3-47) involving U2,
U'V’, and V'? represent vertical averages of the cross-products of the velocity

departures from the vertically integrated (average) velocity and are often denoted as the
dispersion terms. Thus

(U2 v2, U V)= (U2, v2,UV)do (3-49)
-1
where (U',V')=(U-TU,v-V). The quantities ?x and F‘y are vertical integrals of the

horizontal momentum diffusion and are defined according to

_ a( aﬁnj p (aﬁD BVD)
2 +t—Ay

b 7 9x Moox dy dy ¥ Jx (5-50)
OF —i(zA aVDj+i (aﬁD+aVD) -
Yy Mo dy ox M\ dy Jx G->1)

The computational strategy is to solve equations for the external mode, the shallow
water wave equations (3-45), (3-40), and (3-47), with a short time step to resolve tidal
motions. The external mode solutions are obtained with the terms on the right-hand
side of (3-46) and (3-47) held fixed in time and after a large number of time steps, of
the order of 100, an internal mode calculation is carried out. The external mode
provides 01)/0x and 01/0dy for insertion into the internal mode equations, (3-30)
through (3-36), which are then solved with a much longer time step. Once the vertical
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structure has been determined, the terms on the right-hand side (3-46) and (3-47) are
updated and another external mode solution begins. In future simulations, the
advective and diffusive terms in (3-406) and (3-47) will be supplied by the internal mode.
Figure 3-2 illustrates the time stepping process for the external and internal mode.

The external mode equations have not been subtracted from the original equations (3-
30) and (3-32) to form the more conventional internal mode set as, for example, in
Bryan [1969] and Wang [1982]. Consequently there may be a slow tendency for the
vertical integral of the internal mode velocities to differ from the external mode
velocities. This arises because of different truncation errors in each mode. To insure
against accumulated mismatch, the vertical mean of the internal velocity is replaced at
every time step by the external mode velocity.

3.5 Orthogonal Curvilinear Coordinate System Transformation

An important advantage of the present model over that used eatlier is the use of a
horizontal, orthogonal, curvilinear coordinate system. The full set of the equations in
given in Blumberg and Herring (1987); for the present version of the primer only the
internal mode equations are given. These equations in the mass flux conservative form
are:
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The Continuity Equation
on. @ 3, ow
h —+— UD — U hh — =0 3-52
11 8t+8E1 (hz 1 ) + 352 (hl zD)+ 12 3g ( a)
where:
1 oD on oD on
w=W- — | hUjo— + —/| + hUJ]o— + —
h1h2 2 1( aE1 661) ' 2( 852 652]]
Y e L
ot ot (3-52b)

Free Surface Equation
The Reynolds Equations

o(hh,DU) 3 G 0(wU))
DU — DU U hh
o "ag BPUD T gy DU * by —
DUJ - U ) U oy h.h f]
+ - + -
2 2 aEl 1 agz 172
an M, gD?h, { dp o D &p}
21 o),
? x4  d& Po ’L 2] D J§ do

h, OP, ;3 ( h, aul) P ( h, aUl)
_ _ < _Z )+ = i

po aE1 aE“l M hl aE"l aEZ M hZ agZ
B UL I I Pt

o, "M OE, D dc '™ go

(3-53)
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d(h,h,DU,) P P Jd(wU,)
UU) + - mDUA + hh

o g, ®PUYD ¢ g DU * iy
+DU| - U b, U, —2 + hh, f

1 1 aE 2 g 172

2 1

_ 1 fﬂo] gd’h) ol p o D P

gDhl(&é Yog )T p, L % D& oo

- p_t _~= 1p__2 2p__2
po aEZ aE"Z M h2 ag2 agl . hl agl
o2 oy ), Bt o [ OU
g, "M B, D do '™ go
(3-54)
Transport of Temperature
d(0D 0 0 d(wH
h, % * 5g bUOD) + - 6U0D) * bib, %

h h h
=i(—2AHD@)+i(—1AHD£)+¥i KH@
0, 'h, o, 0€, 'h, ok, D oJo do

(3-55)
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Transport of Salinity
d(SD) . 0 0 d(wS)
— U.SD) + — hSD) +hhh, —=~——~
172 at agl (hZ 1 ) aEz (hl 2 ) 172 80
h h h
_ Oty p 3], 0 (B g 0s), Rk 0f 0
0€, 'h, ok, o€, 'h, ok, D oo 00
(3-56)
Transport of Turbulent Kinetic Energy
0@D) , 0 0 0(wq?)
h h + U,D + — (h,U hh—17
2 T 5y 3 (h,U, q?) 3 (b, quz) 127 55
=hhﬁ(ﬂ)2 @)2+§K dp _ 29°D
2l p Lgo oo , 1o A,
h 2 h 2 hh 2
v 2ty p o), 0ty 0at), Bt 0 (097
o0&, '‘h, ok, o€, 'h, ¢, D 0o ' ¢ do
(3-57)
Turbulent Macroscale
9(q*AD) d 2 o 2 d(wq3A)
hh + U.Dg*A) + — (h,U.Dg?A) + hh, —~—3 "/
11 at 3, (h,U,Dq"A) 3, (h,U,Dq"A) 1 3o
AEK . |[0U, 2 ou., |2 AE 3
= hh, — (_1) " 2) * i Ky ® 9D
D 0o do P, 0o B,
.9 (E AD 8((12).)) + 9 (E AD a(‘l_zk))
8€1 h 8€1 852 h 852

1 2
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, by o
D oo

o(q 2)»)) (3-58)
1 0do

where €, and &, are arbitrary horizontal curvilinear orthogonal coordinates.

3.6 Surface Heat Flux

The energy content in lakes, reservoirs, estuaries, and coastal and oceanic water bodies
is primarily governed by the surface heat energy exchanges. Measurements of heat
fluxes such as solar radiations, atmospheric radiation, sensible heat and latent heat
fluxes are very difficult and costly to make and are often parameterized to obtain the
fluxes, using the most commonly available meteorological data. The processes that
control the heat exchange between the water and atmosphere are well documented
(Large and Pond, 1982; Rosati and Miyakoda, 1988; Cole and Buchak, 1994; Ahsan and
Blumberg, 1999). All of these works relied mostly on the bulk formulae to evaluate the
components of the heat budget. It is important to note here that most of bulk
formulae, available in literature, for calculations of radiative fluxes are based on basically
the same principles and generally agree with one another in general patterns of temporal
and spatial variations of fluxes. However, significant differences in their magnitudes
exist depending on the time period of the year and latitudinal position of the study area.

Estimation of net heat flux requires a great deal of judgement in choosing the bulk
formulae which are dependent on meteorological parameters like cloud cover, relative
humidity, air temperature, winds, water surface temperature etc. Computations of four
major heat flux components such as short wave solar radiations, longwave atmospheric
radiations, sensible heat and latent heat fluxes have been 